Abstract. The electromagnetic properties of baryon octet are studied in the perturbative chiral quark model (PCQM). The relativistic quark wave function is extracted by fitting the theoretical results of the proton charge form factor to experimental data and the predetermined quark wave function is applied to study the electromagnetic form factors of other octet baryons as well as magnetic moments, charge and magnetic radii. The PCQM results are found, based on the predetermined quark wave function, in good agreement with experimental data.
Introduction
The perturbative chiral quark model (PCQM) was developed a decade ago [1, 2] and has become one of the most successful approaches in the low energy particle physics. In the PCQM, baryons are considered as the bound states of three relativistic valence quarks while a cloud of pseudoscalar mesons, as the sea-quark excitations, is introduced for chiral symmetry requirements. The quarks move in a self-consistent field, represented by scalar S(r) and vector V (r) components of a static potential providing confinement while the interactions between quarks and mesons are achieved by the nonlinear σ model in the PCQM. The PCQM has been successfully applied to the electromagnetic and axial form factors of baryons [3] [4] [5] [6] , low-energy meson-baryon scatterings [7] , electromagnetic excitations of nucleon resonances [8] , nucleon polarizabilities [9] , neutron electric dipole form factor [10] , etc. These studies demonstrate the PCQM is one of the effective models in the low energy hadron physics, and indicate that the virtual meson cloud exists mainly outside of the quark core.
In recent years the electroweak form factors have been studied in chiral perturbation theory [11, 12] , various relativistic quark models [13] [14] [15] [16] [17] [18] [19] [20] , Lattice-QCD [21] [22] [23] [24] , etc. in which the theoretical results are comparable with experimental data. But the PCQM theoretical results [3] [4] [5] [6] of the electromagnetic and axial form factors of baryons are in good agreement with experimental data only at very low momentum transfer, descending quickly with the momentum transfer increasing. In those works [3] [4] [5] [6] , a variational Gaussian ansatz has been employed for the quark wave function. One may argue that it is the Gaussian-type quark wave function of baryons which leads to the theoretical predictions for the form factors of baryons consistent well with experimental data only at very low momentum transfer. In this work we extract the quark wave function by fitting the PCQM theoretical result of the proton charge form factor to experimental data, and study the electromagnetic form factors of octet baryons with the predetermined wave function.
The paper is organized as follows. In section 2 we introduce the PCQM and present the theoretical expressions of octet baryon electromagnetic form factors in the framework of the PCQM. The quark wave function is extracted by fitting the theoretical result of the proton charge form factor to experimental data in section 3. The numerical results based on the predetermined quark wave function and discussion are given in section 4.
Electromagnetic form factors in the PCQM
The PCQM [1, 2] is based on an effective chiral Lagrangian describing baryons by a core of the three valence quarks, moving in a central Dirac field with V eff (r) = S(r)+γ 0 V (r), where r = | x|. In order to respect chiral symmetry, a cloud of Goldstone bosons (π, K and η) is included as small fluctuations around the three-quark core in SU(3) extension. With an unitary chiral rotation, as shown in Refs. [5, 7] , the Weinberg-type Lagrangian of the PCQM is derived,
where f ijk are the totally antisymmetric structure constant of SU (3), the pion decay constant F = 88 MeV in the chiral limit, Φ i are the octet meson fields, and ψ(x) is the triplet of the u, d, and s quark fields taking the form
The quark field ψ(x) could be expanded in
where b α and d † α are the single quark annihilation and antiquark creation operators. The ground state quark wave function u 0 ( x) may, in general, be expressed as
where χ s , χ f and χ c are the spin, flavor and color quark wave functions, respectively. The calculation technique in the PCQM is based on the Gell-Mann and Low theorem [25] , in which the expectation value of an operatorÔ can be calculated from
where the state vector |φ 0 B corresponds to the unperturbed three-quark states projected onto the respective baryon states, which are constructed in the framework of the SU (6) spin-flavor and SU (3) color symmetry. The subscript c in (7) refers to contributions from connected graphs only. L W I (x) is the quark-meson interaction Lagrangian as given in (3) . In the framework of the PCQM, the charge and magnetic form factors of octet baryons in the Breit frame are defined by
Here, G B E (Q 2 ) and G B M (Q 2 ) are the charge and magnetic form factors of octet baryons with the space-like squared momentum transfer Q 2 , which is carried out by the electromagnetic current. In the Breit frame, the initial momentum of the baryons is p = (E, − q/2), the final momentum is p = (E, q/2), and the four-momentum of the photon is q = (0, q). Thus, are the baryon spin wave functions in the initial and final states, σ is the baryon spin operator, and j µ is the electromagnetic current
which contains the quark current j µ ψ , the charged pseudoscalar mesons current j µ Φ , the quark-meson coupling current j µ ψΦ , and δj µ ψ , a current arising from the counterterm. The currents in the above equation take the forms, where Q is the quark charge matrix Q = diag{2/3, −1/3, −1/3}, and the renormalization constantsẐ andẐ s are defined aŝ
Φ + k 2 and the vertex function F I (k) for the qqΦ system taking the form
In accordance with the interaction Lagrangian L W I (x) in (3) and the electromagnetic current j µ in (11)- (14), there are five Feynman diagrams, as shown in figure 1 , contributing to the electromagnetic form factors to the one-loop order [3, 4] . The contributions of these diagrams are derived as follows: (a) Three-quark core leading-order diagram (LO)
where
The constants a In the non-relativistic limit, the mean-square charge radius of a charged baryon is related to the baryon charge form factor as
For the neutral baryons, the mean-square charge radius is defined by
In analogy, the mean-square magnetic radius is defined as
Model quark wave function
The theoretical expressions in the above section show that the charge and magnetic form factors are mainly determined by the wave function of the quark core. In the previous works [3, 4] , the Gaussian-type quark wave function of baryons is employed and the theoretical results for the form factors of baryons are consistent well with the experimental data at low momentum transfer Q 2 . Instead of assuming a certain type, we extract in this work the quark wave function by adjusting our theoretical result of the proton charge form factor to the experimental data, considering that the recent measurements of the proton charge form factor are in high precision and that only four Feynman diagrams in the PCQM contribute to the proton charge form factor. The radial quark wave functions g(r) and f (r), the upper and lower components in the ground state, are expanded in the complete set of Sturmian functions S nl (r) [26] ,
with
where L 2l+1 n (x) are Laguerre polynomials, and b is the length parameter of Sturmian functions. For the sake of simplicity, we restrict our calculations to SU (2) flavor.
It is found that a basis of five Sturmian functions (n = 0, 1, 2, 3, 4) is good enough to let our theoretical result of the proton charge form factor fit to the experimental data. The Sturmian function length parameter is fixed to be b = 0.5 GeV, and the expansion coefficients A n and B n are compiled in table 1, where we redefine A n = A n b −1/2 and B n = B n b −3/2 to let the A n and B n be dimensionless. The expansion coefficients are determined by adjusting the theoretical result of proton charge form factor to the experimental data [28] [29] [30] [31] [32] [33] [34] [35] , in which the errors of the experimental data Table 1 . Expansion coefficients A n and B n determined by fitting the theoretical result of the proton charge form factor to the experimental data, with the errors of the experimental data considered. hereinafter in table 2-table 4) . The proton charge radius is consistent with the experimental data 0.76 ± 0.02 fm 2 [27] .
Numerical results and discussion
The quark wave function has been extracted by fitting the theoretical result of the proton charge form factor to experimental data in the framework of the SU(2) flavor symmetry.
In this section, we study the electromagnetic properties of the baryon octet in the PCQM by applying the predetermined quark wave function. We extend the calculations to the SU(3) flavor symmetry, including kaon and η-meson cloud contributions as well. Note that there is no any free parameter in the following numerical calculations on electromagnetic form factors of octet baryons. Listed in table 2 are the charge radii squared of the baryon octet. It is found that the uncertainties in the total values of the charge radii squared caused by the fitting errors are estimated around 15%. The 3q-core (LO and CT diagrams) dominates the charge radii of the charged baryons (p, Σ + , Σ − and Ξ − ), contributing over 90% to the total values. As shown in table 2, the theoretical p and Σ − charge radii are in good agreement with the experimental values. The work predicts that the charge radii of Σ + and Ξ − are contributed by a similar pattern based on the SU(3) symmetry, that is, about 90% from the 3q-core and less than 10% from the meson cloud contributions (MC and VC diagrams). The predictions are also closed to the chiral extrapolation estimations of Lattice-QCD values [22] and the results of relativistic quark model (RQM) [19, 20] . In figure 3 , we present the Q 2 dependence of the charge form factor of the charged and neutral baryons respectively in the region Q 2 ≤ 1 GeV 2 , compared with the experimental data [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . It is seen in the left panel of figure 3 that the theoretical charge form factor for the proton is consistent with the experimental data, and the charge form factors for hyperons (Σ + , Σ − and Ξ − ) behave the similar way based on SU(3) symmetry. As shown in table 2, however, the theoretical charge radii of neutral baryons (n, Σ 0 , Λ and Ξ 0 ) are rather small. The neutron charge radius is much smaller than the experimental data although it is closed to the RQM result of Ref. [19] , while the contributions to the charge radii of Σ 0 and Λ by various diagrams counteract each other to zero. As expected, the work also fails to reproduce the experimental data of the neutron form factor, as shown in the right panel of figure 3 . The reason might be that the quark propagator is restricted to the ground-state only in our calculation. The meson cloud solely contributes to the neutral baryon charge form factors as the leading-order contribution of the 3q-core vanishes. One may propose that it is necessary to include excited-state quarks to investigate the neutral baryon charge form factors. More discussions and results on the neutron charge radius including the excited quark propagator may be found in [3, 4] .
In our evaluations of the charge form factor of octet baryons we have applied an ansatz that the predetermined quark wave function is the same for u, d, and s quarks. That is, we work in the SU(3) chiral symmetry limit. Therefore, baryon masses should be restricted to the same order in the calculation of the magnetic moments. We evaluate the magnetic moments with the baryon chiral mass m B = 1.039 GeV [46] . The numerical results for the magnetic moments, which are the magnetic form factors in zero-recoil, and the magnetic radii of the octet baryons are given respectively in table 3 and table 4 . It is found that the theoretical results for the octet baryon magnetic moments are consistent with the experimental data [27] and the HBXPT extrapolation estimations of Lattice-QCD values [23] . Also, our results are in good agreement with the RQM Table 3 . Numerical results for the octet baryon magnetic moments µ B (in units of the nucleon magneton µ N ) with chiral mass m B = 1.039 GeV, where the uncertainties are from the fitting errors of the quark wave functions. The experimental data are taken from [27] while the HBXPT extrapolation estimations of Lattice-QCD results are taken from [23] our theoretical results owing to the lack of chiral extrapolations. However, we can see that our theoretical results and the Lattice-QCD values are consistent more or less. For instance, r 2 M Σ − and r 2 M Ξ − take respectively the largest and smallest values for both the works.
As shown in table 3 and table 4 , the meson cloud contributes around 20% to the total values of both the nucleon magnetic moments and radii, while the contributions for hyperons are rather small except for the Σ − . It is noted in Ref. [4] that the constants b 4 , b 6 and b 9 for hyperons, which are relevant to the π-meson cloud contribution, are smaller than those for the nucleon. This may indicate that the π-meson dominates the meson-cloud contribution to the octet baryon magnetic properties. In addition, the uncertainties in the magnetic moments and radii are less than 10%.
The Q 2 dependence of the magnetic form factors for the charged and neutral octet baryons are shown in figure 4 , which are normalized to one at zero-recoil. We also plot the experimental data on the proton and neutron magnetic form factors in the corresponding figures. It is clear that the nucleon magnetic form factors are fairly consistent with experimental data, and the magnetic form factors for hyperons behave the similar way.
The fact that the Q 2 dependence of the theoretical electromagnetic form factors in the region Q 2 ≤ 1 GeV 2 is consistent with experimental data implies that the predetermined quark wave function is reasonable in the PCQM. We expect that the determined quark wave function is applicable to the evaluation of the axial form factors of baryon octet.
